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ABSTRACT
The School of Graduate Studies
The University of Alabama in Huntsville
Degree Master of Science__________ College/Dept. Science/Biological Sciences_____
Name of Candidate James Wolfsberger________________________________________
Title The Isolation, Purification, and Characterization of the DNA Ligase From___ ___
Thermococcus thioreducens, Strain OGL-20PT_____________________________
DNA ligases are highly conserved in their primary sequence across the three
domains of life and are important in DNA replication, recombination, and repair. The
enzyme functions in an AMP-dependent reaction to close nicks in the DNA
phosphodiester backbone. In this study, the hyperthermophilic DNA ligase Tthlig from
the archaeon Thermococcus thioreducens is characterized.

Tthlig is a recombinant

protein cloned from genomic DNA with a sequence of 559 amino acid residues.
Phylogenetic analysis placed Tthlig in a tight cluster with organisms of the order
Thermococcales. Amino acid residue sequence analysis showed significant sequence
conservation with other DNA ligases.

The structure and domain assignment was

predicted against the crystallographic structure of Thermococcus sp. 1519. Tthlig was
purified to over 90% homogeneity with one heat selection and 3 chromatographic steps.
The overall yield for an established purification protocol was 1.2 mg per gram of wet cell
mass. The enzymatic activity of Tthlig was characterized at 750 C with nicked pUC18 as
substrate and ATP as the source of AMP. The ligase was found to be most active in a
20mM Na-phosphate buffer, pH 7.0, 100mM KCl and 10mM MgCl2. Tthlig stability and
activity at high temperatures qualifies it as a strong candidate in diagnostic techniques to
detect point mutations associated with specific diseases.
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CHAPTER I
Introduction
1.1 The Role of DNA Ligases
DNA ligases are found in organisms of all three domains (Hirokazu Nishida 2006).
The enzymes play a critical role in genome maintenance, closing single strand nicks that
occur in replication, recombination, and damaged DNA strands (Shuman 2005, Hirokazu
Nishida 2006). DNA ligases function in replication to close breaks in the phosphodiester
backbone that

occur between Okazaki fragments (Shuman 2005, Hirokazu Nishida

2006, T.E. Petrova 2012). The ligases function in recombination to close nicks that occur
during cross-over, as well as in DNA repair to close nicks that occur due to damage from
UV light, or in mismatch repair to close the nick after nucleotide replacement. Open
nicks can lead to double-strand breaks that can be lethal unless they are repaired by
homologous end joining (Hirokazu Nishida 2006). DNA ligases are essential to survival
of the organism.
1.2 DNA Ligase Co-factors
DNA ligases are AMP-dependent and divided into two groups depending on whether
they use ATP or NAD+ as the source of AMP (Verl Sriskanda 2000, Xiaoqin Lai 2002,
T.E. Petrova 2012). Early studies classified ligases from virus, bacteriophage, eukarya,
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archaea and some bacteria as exclusively ATP-dependent while other bacteria and some
eukaryotic viruses were classified as exclusively NAD+-dependent (Xiaoqin Lai 2002,
Hirokazu Nishida 2006, T.E. Petrova 2012).

Recent work has revealed that DNA

ligases of the hyperthermophilic euryarchaea of the order Thermococcales can use both
ATP and NAD+ as a source of AMP (Supangat Supangat 2010, T.E. Petrova 2012). They
include Thermococcus kodakaraensis, Thermococcus fumicolans, Thermococcus
onnurineus and Pyrococcus abyssi (Supangat Supangat 2010, T.E. Petrova 2012). In
addition it has been found that DNA ligase from Aeropyrum pernix can use both ATP and
ADP and that Sulfophobococcus zilligii can use ATP, ADP, and GTP as cofactors
(Supangat Supangat 2010). From an evolutionary perspective it is thought that ancestral
DNA ligases used ADP, a low free-energy source, and that the order Thermococcales
represents an intermediate in evolution to the ATP- and NAD+-dependent ligases
(Supangat Supangat 2010, T.E. Petrova 2012).
1.3 DNA Ligase Mechanism
All DNA ligases, whether

ATP-dependent, NAD+-dependent, or both,

share a

common ligation mechanism that achieves nucleotidyl transfer in three steps (Hirokazu
Nishida 2006, Supangat Supangat 2010, T.E. Petrova 2012) (Figure 1.1). All DNA
ligases contain a catalytic core that contains the conserved residues KxDGAR that is
located towards the C-terminal end of the enzyme (Verl Sriskanda 2000). In the first step
a conserved lysine residue attacks the α-phosphorous of ATP or NAD+, releasing either
PPi or nicotinamide mononucleotide (Verl Sriskanda 2000). The AMP is left covalently
bonded to the ε-amino group of the lysine via a phosphoamide bond to form an
intermediate ligase-adenylate (Verl Sriskanda 2000).
2

Figure 1.1. DNA ligase mechanism. DNA nick closing is a three step process. In step
1 AMP is transferred from ATP or NAD+ to the lysine residue of the enzyme. In step 2
the AMP is transferred to the 5’ phosphoryl strand end at nick. In step 3 the 3’ hydroxyl
forms a phosphodiester bond with 5’ phosphoryl group (Lehninger, Nelson, Cox, 1993).

In the second step, the AMP is transferred from the ligase to the phosphoryl group at the
5’-end of the single-strand at the nick to form a DNA-adenylate (Verl Sriskanda 2000).
This configuration is similar to mRNA capping in that the 5’-phosphoryl group of the
AMP forms a phosphodiester bond with the 5’-phosphoryl group of the end nucleotide at
the 5’ end of the strand. Finally, in the third step the oxygen of the 3’-OH attacks the
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5’-phosphate in a nucleophilic attack, forming the phosphodiester bond, closing the nick
and releasing the AMP-cofactor (Verl Sriskanda 2000).
1.4 DNA Ligase Properties
ATP-dependent ligases show a wide range in their molecular weight that is largely due
to difference in the size of the N-terminal domain (Masaru Nakatani 2000, Hirokazu
Nishida 2005).

Molecular weights of DNA ligases are found to be as low as 23 kDa in

euryarchaeota (Masaru Nakatani 2000, Hirokazu Nishida 2005). Mid-weight ligases
include those that belong to the bacteriophage T7 ligase at 41 kDa and mammals at 64
kDa (Masaru Nakatani 2000, Hirokazu Nishida 2005). An example of a high molecular
weight DNA ligase includes the human DNA ligase I at 102 kDa. Human DNA ligase I
is found to contain in its N-terminal a 216 amino acid residue domain that functions in a
regulatory manner (Masaru Nakatani 2000). In addition, some residues of the N-terminal
domain of human DNA ligase I are present to interact with other proteins such as
proliferating nuclear cell antigen (PCNA) and some types of DNA polymerases (Masaru
Nakatani 2000, Hirokazu Nishida 2005).
1.5 DNA Ligase Structure
DNA ligases are highly conserved and share three common domains, the N-terminal
DNA binding domain (DBD), the middle adenylation domain (AdD) and the C-terminal
oligo binding domain (OBD) (Figure 1.2).

Although the relationship between the

structural conformations and mechanism are not fully understood, several studies have
offered a detailed look at the mechanism using crystal structures to identify key residues
(Hirokazu Nishida 2006, John Pascal 2006). The N-terminal DBD domain sequence is
4

the most varied domain between organisms and functions as an interface with other
proteins such as PCNA (Hirokazu Nishida 2006, John Pascal 2006).

Figure 1.2. DNA ligase domains. The N-terminal domain, called the DNA binding
domain (DBD), is colored red. The middle domain, called the adenylation domain (AdB)
is colored in blue. The C-terminal domain, called the oligo binding domain (OBD) is
colored in green (PDB: 3RR5).

The C-terminal domain is more conserved across the kingdoms and is the domain that
holds the oligo for ligation (OBD). The OBD domain makes initial contact with the
double strand DNA downstream from the nicked site. Once the OBD is in contact with
the DNA, the ligase changes configuration and brings the nicked site into position in the
active site. The OBD stimulates AMP transfer between the ligase and the 5’ end at the
5

nicked DNA strand. The middle domain, the adenylate domain (AdD) contains the active
site residues necessary for nick closing (Hirokazu Nishida 2006, John Pascal 2006,
Hirokazu Nishida, 2006). Archaeal DNA, in complex with PCNA, can be found in one
of three configurations (Giuseppe Cannone 2015, Shinichi Kiyonari 2006) (Figure 1.3).
The enzyme is in the extended configuration when not in contact with DNA.

In this

configuration the enzyme has a boomerang like shape. The DBD and AdD domains are
in a rigid linear configuration, the OBD domain is extended distal to the DBD and AdD
domains. The OBD domain rotates through a single loop that links it to the AdD and
takes the extended configuration (Hirokazu Nishida 2006, John Pascal 2006).

Once the

OBD is in contact with the DNA, the ligase takes an open L-shaped conformation. The
DNA phosphodiester backbone opposite the nick is positioned in the AdD site with the
nick positioned adjacent to the key residues KxDGAR. After the DNA is in position the
OBD assumes a closed conformation. In the closed conformation the AMP is transferred
from the residue to the 5’-phosphoryl and the nick is closed.

Figure 1.3. DNA ligase conformations. The ligase can be found in three conformations.
The enzyme is in the closed (A) conformation during ligation (PDB: 3RR5). The enzyme
is in the open (B) conformation during enzyme-DNA binding prior to ligation (PDB:
3GDE). The enzyme is in the extended (C) conformation when it detects with dsDNA
(PDB: 2HIV).
6

1.6 The Archaeon Thermococcus Thioreducens
Thermococcus thioreducens is a hyperthermophilic archaea isolated from the
Rainbow hydrothermal vent field (36.20N, 33.90W), a “black smoker” chimney vent on
the Azorean segment of the Mid-Atlantic Ridge (Elena V. Pikuta 2007) (Figure 1.4).
Thermococcus thioreducens was isolated from sediment obtained from the sides of one
vent.

In vitro isolation was performed in liquid medium under 100% nitrogen

atmosphere. The organism was observed by phase-contrast microscopy to be irregular,
motile with a single flagellum and cocci with a diameter of 0.7-1.7 µm (Figure 1.5)
Thermococcus thioreducens is a heterotroph that is strictly anaerobic and is obligately
dependent on elemental sulfur as an electron acceptor (T. E. Pikuta , 2007).

It grows in

Figure 1.4. Mid-Atlantic Ridge Rainbow Vent. The Mid-Atlantic Ridge Rainbow Vent
is composed of 10 “black smoker” vents (A). Black smoker vents are characterized by a
“chimney” built of minerals rising from the vent. Samples were collected in October
1999 from 2300 m depth from the rim of the chimney (B) by the remote control vehicle
Mir launched from the Russian oceanographic research vessel Akademik Mstislav
Keldysh (Pikuta et al,2007).

7

Figure 1.5. Cultured Thermococcus thioreducens. TEM image of Thermococcus
thioreducens. Image is a result of negative staining using uranyl acetate. The bar equals
0.5 µm ( Pikuta et al,2007).

the range of pH 5.0 to 8.5, NaCl range between 1-5% and temperature between 55950C.

The optimum conditions for cell growth are pH 7.0, NaCl of 3%, and a

temperature between 83-850C (T. E. Pikuta 2007).
Genomic DNA of T. thioreducens was isolated from fresh biomass through standard
phenol/chloroform extraction and precipitated with ethanol.

The DNA ligase open

reading frame (ORF) was identified by standard gene sequencing. PCR cloning was
employed using 5’- and 3’- sequence information for protein design. The amplified ORF
DNA fragment was inserted into an expression plasmid for recombinant protein
production. The DNA sequencing and subsequent cloning work was not part of the thesis
research reported here but serve as background information. The DNA ligase (Tthlig)
has been identified to be 559 amino acids in length (Damien Marsic 2008).
8

1.7 Objectives
The purpose of this study is to characterize the DNA ligase from the archaeon
Thermococcus thioreducens. The objectives included 1) analyzing the sequence of the
DNA ligase and its relationship to a putative structure; 2) purifying the enzyme to over
90% homogeneity; and 3) developing an enzymatic activity assay for the ligase. To date
no enzymatic assay has been established for measurements at high temperature ligase
activity.

9

CHAPTER II
Materials and Methods

2.1 Protein Purification
The strategy to purify the protein was divided into three phases: a sonication
phase, a heat treatment phase, and finally a chromatography phase using three
columns (Figure 2.1).

Figure 2.1. Purification scheme. The purification was divided into three phases, lysis,
heat treatment and chromatography. Cells were lysed by sonication and the total crude
lysate was heat treated to denature host protein and cell debris left from lysis.
Chromatography separated the protein on its attraction to DNA, its isoelectric point, and
finally its size.
10

The DNA ligase from T. thioreducens was previously cloned, recombinantly
expressed in E. coli Rosetta™, and the cell pellet was stored at -800 C. A frozen cell
pellet was thawed and suspended in Buffer A (50 mM Tris-acetate, pH 8.0, 100mM
NaCl) at a ratio of 1 gram cell pellet/10 mLs buffer. The cells were then lysed by
sonication for 3 minutes at a power output of 100 Hz and duty cycle of 0.5 and then
allowed to rest on ice for three minutes. The sonication cycle was performed a total
of 5 times. The total crude lysate was centrifuged at 30,000 x g for 15 minutes at
40C to remove cell debris and large molecules. The supernatant was transferred to an
Erlenmeyer flask and 1 ml of DNase and 10 mls of reaction buffer was added. The
solution was incubated 30 minutes in a 370C water bath. The lysate was then
transferred to a 750 water bath and incubated 45 minutes to denature nonthermostable proteins.

After heat treatment the lysate was centrifuged and the

supernatant was transferred to an Erlenmeyer flask and loaded onto a Heparin
column ( 5mL, GE Healthcare) that was previously equilibrated with Buffer A. The
protein was eluted by creating a linear salt gradient using Buffer B (50 mM Trisacetate, pH 8.0, 1M NaCl).

The fractions containing protein were pooled and

dialyzed overnight against Buffer A. The next day the protein was loaded onto a QColumn (5mL, GE Healthcare) and again eluted with a salt gradient using Buffer B.
The protein fractions were pooled and dialyzed overnight against Buffer A. The next
day the protein was concentrated (Corning, Spun-X®, 50,000MW) by centrifugation
at 4,000 x g to a final volume of 1.7 mLs. The concentrated protein was then loaded
onto a gel filtration column (Bio-Rad, Econo-Column®, 1.5 x 75 cm) packed with

11

Sephacryl®S-200(GE Healthcare) and eluted with Buffer A. The eluted protein was
diluted with Buffer A and glycerol to 1.0mg/mL and stored at 4oC (Figure 2.1).
2.2 Analytical Column
A chromatography column (Bio Rad, Econo-Column®, 1.5 x 75 cm) was
packed with Sephacryl®-200. The column was equilibrated overnight with Buffer A
at a flow rate of 0.5 mLs per minute. Blue Dextran-2000 (Sigma Aldrich) was
dissolved in 1 mL of sterile deionized water to a final concentration of 1mg/ml. A
volume of 100 µls were transferred to a microcentrifuge tube and 1µg of sucrose
crystals were added. Thereafter 50 µls were then run through packed column to
calculate the void volume.

The proteins β-amylase, 200 kDa (Sigma Aldrich),

alcohol dehydrogenase, 150 kDa (Sigma Aldrich), carbonic anhydrase, 29 kDa
(Sigma Aldrich), and cytochrome-c,12.4 kDa (Sigma Aldrich) were all reconstituted
with sterile deionized water to a final concentration of 1mg/ml. As previously
described 100 µls were transferred to a microcentrifuge tube and 1 µg of sucrose
crystals were added. A volume of 50 µls were then run through the column at a flow
rate 0.4 mls per minute and elution time at peak was recorded. The standard curve
was then plotted and the trendline was calculated. Finally, the purified DNA ligase
was diluted to a concentration of 1mg/mL, 100 µls

were transferred to a

microcentrifuge tube and mixed with 1µg of sucrose crystals. The enzyme with 50
µl volume was then run through the column and the elution time at the peak was
used to calculate the molecular weight of the DNA ligase.
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2.3 Substrate Preparation
pUC18 (Novagen) was purified from DH5α (Novagen) cells with a HP Plasmid
Miniprep Kit II(Omega Biotek).

The purified pUC18 was nicked with DNase

(Amresco) following manufacturer’s instructions. A 10X nick translation buffer was
prepared as 0.5M Tris-Cl (pH7.2), 0.1M MgSO4, 1mM dithiothreitol (Goldbio), and
500 µg/mL bovine serum album (Fisher Scientific). The DNase was initially
prepared in a stock solution at a concentration of 1mg/mL in 0.15M NaCl with 50%
glycerol and placed in long term storage 40 C. A 10-4 dilution was prepared in nicktranslation buffer containing 50% glycerol just prior to use in the reactions.
pUC18 was nicked in a total reaction volume of 50µl. pUC18 (1 µg) was added
to 5µl of 10X nick translation buffer, 0.5 µl DNase and sufficient water to bring the
final volume to 50 µls. The reaction was incubated one hour at 160C in a water bath.
The reaction was quenched by addition of 2µl of 0.5M EDTA and heated at 650C for
ten minutes to deactivate the DNase. 6X loading dye (µl) was added to the quenched
reaction. 15µl Aliquots were loaded onto a 0.6% low melt agarose gel in TBE prestained with ethidium bromide.

Electrophoresis was run for 30-45 minutes at

~85Volts. Nicked pUC19 was extracted from gel using Gel Extraction Kit(Omega
Biotek).
2.4 Assays
Optimum Buffer - Enzyme activity was compared between Tris-HCl and Naphosphate buffers. Tris buffer was prepared at 10X concentration with 0.5M TrisHCl (pH 8.0), 1.0M KCl and 50mM DTT. Phosphate buffer was prepared at 10 X
13

reaction concentrations with 0.2M Na-phosphate (pH 6.8), 1.0 M KCl and 50mM
DTT was added. 10X concentrations of 0.1M MgCl2(Alfa Aesar) and 10mM ATP
(Goldbio) were mixed separately.
Reactions and controls were mixed to a final volume of 20 µl.

Reactions

consisted of 9µl of sterile deionized water, 2 µl 10X of each reaction buffer (Tris or
Phosphate buffer), 4µls of nicked plasmid (22.5 fMoles), 2 µls MgCl2, 2 µls ATP,
and 1 µl of Tthlig(1 pMole). The control had 1 µl of water added in place of enzyme.
The reactions and control were topped with 30 µls of mineral oil and incubated at
750C for 15 minutes in a heat block filled with glycerol. Reactions were quenched
by addition of 4 µl 6X loading dye (0.5mM bromophenol blue, 1% SDS, 0.05M
EDTA, and 30% glycerol) and heated 10 minutes at 650C. 15 µl of each sample was
loaded onto a 0.6% low melt agarose gel in TBE prestained with ethidium bromide
and run at ~85 Volts for 30-45 minutes. The gels were scanned on a Typhoon 9410
Variable Mode Scanner (Amersham Bioscience) and analyzed with ImageJ.
Optimum pH - Enzyme activity was compared over a range of pH values: 6.0, 6.5,
7.0, 7.5, and 8.0. The 10X reaction buffer contained 0.2 M Na-phosphate, 1.0 M
KCl, 50mM DTT with pH adjusted. MgCl2 and ATP were mixed as described for
buffer comparison. The assay was mixed, conducted, and analyzed with the same as
buffer.
Ionic Strength -

Enzyme activity was compared over a range of KCl

concentrations. The 10X reactions buffers were mixed with 0.2M Na-phosphate (pH
of 7.0), 0.05M DTT was added, and the solution was divided into 10 ml aliquots. To
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each aliquot KCl was added to a final concentration of 0.6, 1.0, 1.4, 1.8 and 2.2 M.
MgCl2 and ATP were mixed as described for buffer comparison. The assay was
mixed, conducted, and analyzed the same as above.
Divalent ions - Enzyme activity was evaluated in the presence of the divalent ions
copper, magnesium, manganese, zinc and calcium. The 10X Reaction buffer was
0.2M

Na-phosphate(pH 7.0) with 1.0 M KCl and 0.05M DTT. 10X concentration

of, 0.1M each of CuCl2 (Aldrich), MgCl2 (Alfa Aesar), MnCl2 (Fisher Scientific) ,
ZnCl2 (Sigma), and CaCl2 (Fisher Scientific) were prepared in water. The ATP was
mixed as described for buffer comparison. The assay was mixed, conducted, and
analyzed the same as above.
Temperature - Enzyme activity was compared over a range of temperatures: 50, 55,
60, 65, 70, 75, 80, 85, and 900 C.

The 10X Reaction buffer was 0.2 M Na-

phosphate (pH 7.0), 1.0 M KCl and 0.05M DTT. MgCl2 and ATP were mixed as
described for buffer comparison.
Reactions and control were mixed to a final volume of 20 µl.

Reactions

consisted of 9µl of sterile deionized water, 2 µl 10X of phosphate buffer, 4µls of
nicked plasmid(12.5 fMoles), 2 µls MgCl2, 2 µls ATP, and 1 µls of Tthlig(1 pMole).
The reactions were incubated at the desired temperature for 15 minutes in a
Thermocycler (Eppendorf). A control was set up and kept at room temperature for
the duration of all the reactions. Each reaction was quenched as described above and
stored on ice until all the reactions had been conducted. The assays were then
analyzed as described above.

15

CHAPTER III
Results and Discussion
3.1 Tthlig Structure
Enzyme parameters - The Tthlig weight and extinction coefficient were calculated using
Protparameter at the Expasy website by inserting the 559 amino acid sequence. A
theoretical weight of 63.348 kD was calculated, a molecular weight that falls well within
the 23-102 kD range of DNA ligases. The theoretical pI was 6.59, at this pH the enzyme
will have a total charge of 0. The extinction coefficient was 46,300 and the absorbance
0.1% value was 0.731.
Sequence homology – A BLAST search returned 101 matches, the enzymes ranging in
size from 559 to 598 amino acid residues.

The match with the highest sequence

homology was the ligase of Thermococcus sp. with 93% sequence identity within 559
residues. The lowest match was a ligase of Halofax, species ATCC BAA-644 with an
identity of 40% within 590 residues.
There were 5 ligases from the order Thermococcales identified. Pyrococcus abyssi
had an identity of 72% against that of T. thioreducens.

Both

Thermococcus

onnurineuns and Thermococcus fumicolans had an identity of 81% while Thermococcus
sp. 1519 had an identity of 80% when compared to the T. thioreducens DNA ligase
sequence. Thermococcus sp. 1519 had the highest sequence identity, and has a known
16

structure. It was used as a model with PyMol to predict the structure of Tthlig. The
predicted structure of Tthlig was 87% homologous with the ligase structure for
Thermococcus sp. 1519.
Phylogenetic tree- A phylogenetic tree was constructed using the top and bottom ten
matches from the BLAST search. The tree was constructed using ClustalW at the Expasy
website (Expasy.org) (Figure 3.1). T. thioreducens was tightly clustered with the top ten
matches, all hyperthermophiles. The nearest neighbor, Thermococcus sp., is also of the
order Thermococcales.

On the other side is Thermococcus kodakaraensis, the first

hyperthermophile with proteins characterized.

Figure 3.1. Phylogenetic tree. The amino acid sequence of T. thioreducens, in red, was
submitted to a BLAST. The top ten and bottom ten matches were used to construct a
parsimony distance tree with Expasy software.

17

Figure 3.2. Sequence alignment of Thermococcus thioreducens. A. Alignment of the
DBD domain with the PCNA interacting residues in green. B. Alignment of the AdD
domain with the nick closing residues in red. C. Alignment of the OBD domain with
dsDNA interacting residues in blue.

The amino acid sequence of T. thioreducens was aligned to Thermococcus 1519,
Pyrococcus furiosus, and

Sulfolobus solfataricus.

The interface between the DNA

ligases and Proliferating Cell Nuclear Antigen (PCNA) are found on a loop between two
helices in the DBD domain (Shinichi Kiyonari

2006) (Figure 3.2.A).

It has been

proposed that the key residues involved are the 103-QKSFF-108 amino acids. Further
research with mutations showed that the binding will occur, at a reduced affinity, with
only the Q103 and F108 residues. This loop fits into a hydrophobic patch in the PCNA
protein (Shinichi Kiyonari 2006). The key residues active in nick closing, KxDGAR, in
the AdD domain were in perfect alignment for all the Thermococcales (Figure 3.2.B). In
this sequence the lysine transfers an AMP to the 5’-phosphoryl of the nick. This creates a
strand ending that is AppN in conformation. One proposed mechanism would be that the

18

negative charge of the aspartate side chain repels the negative charge on the first
phosphoryl group, lowering the activation energy and making a nucleophilic attack from
the 3’-hydroxyl more favorable. The arginine downstream from the nick would further
stabilize the 3’- strand and the positive charge of the arginine in an ionic bond with the
phosphodiester backbone. The nick site is further stabilized by residues R531 and K534
in the OBD domain (Hirokazu Nishida 2006) (Figure 3.2.C). It has been proposed that
these residues have a duel role, they also play a role in ATP capture and AMP transfer to
the K249 ( Hirokazu Nishida, 2006).

In the organism Sulfolobus solfataricus the

corresponding residues are R558 and K559.
Domain assignments- In the alignment of Tthlig with the ligase from Thermoccus sp.
1519, the match had a 80% identity and an 89% match to similar residues of the same
category. The key active site residues are highlighted in yellow.

Figure 3.3. The predicted structure of Tthlig. A. The structure of Tthlig was
predicted with PyMol using Thermococcus sp. 1519 as a template. The DBD domain is
red, the AdD domain is green, and the OBD domain is green. B. The key residues nick
closing are highlighted in yellow.
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The structure of Tthlig was predicted with PyMol using Thermococcus sp. 1519 and
was determined in the open conformation. The DBD domain is from residues 1 – 174,
the AdD domain is from 175 – 424, and the OBD domain is from 425 – 559 (Figure 3.3).
3.2 Tthlig Purification
The Tthlig was purified in four steps starting with a heat shock followed by three
chromatography purifications (Table 1). The total crude lysate, after sonication, had a
total of 10,379.6 mg of protein. Heat treatment reduced the protein to 7.3% of the total
protein, with 757.7 mg of protein. The first column purification with the heparin column
reduced the amount of protein to 131.4 mg, only 1.3% of the original protein. Heparin
was selected as the first column because it is selective for proteins that interact with
DNA. SDS-PAGE showed two bands present at approximately the 63 and 48 kDa
weights (Figure 3.4). There is no indication that Tthlig undergoes proteolysis. There
was, however a methionine (start codon) at position 136 of the sequence and the lower
weight second band could correspond to low frequency expression of the smaller protein.
The protein was then run through a Q-column, reducing the protein yield by half to
(65.92 mg), only 0.6% of the original protein. The small weight band was still present in
a much smaller quantity. The protein was finally run using gel filtration, the small band
was eliminated and the Tthlig was purified to a final yield of 26.41 mg.
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Table 3.1. Purification table. The purification scheme was divided into three phases.
Sonication was the first phase and contained both recombinant protein and endogenous
protein from the host cell. Heat treatment denatured the endogenous protein.

Purification Step

Volume Concentration

Amount Yield

(ml)

(mg)

(mg/ml)

Fold Increase

(%)

Crude lysate

220

47.2

10379.6

100.0

1.0

Heat treated crude lysate

220

3.4

757.7

7.3

1.1

Heparin column

36

3.7

131.4

1.3

79.0

Ion exchange column

16

4.1

65.92

0.6

157.5

Gel filtration column

19

1.4

26.41

0.3

393.0

Figure 3.4. 12% SDS-PAGE of Tthlig purification. MW: Protein Ladder. TCL: total
crude lysate. HS: Heat shock. HC: Heparin column. QC: Q-column . GF: Gel filtration.
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During development of the purification protocol the protein was concentrated and
dialyzed against a 50mM Tris-acetate 50mM NaCl buffer. The following morning the
protein was observed as a precipitate.
3.3 Molecular weight
Analytical column chromatography is an accurate method to determine the molecular
weight of proteins. The column is packed with an organic matrix, small organic porous
hollow beads, in a select buffer. The molecules are separated at high resolution based on
size.
Blue Dextran 2000 was used to calculate the elution volume by measuring the time it
took to elute from the column, 47.06 minutes, times the flow rate, 0.4 mls/minute. The
calculated void volume (Vo) was 18.8 mls. Four macromolecules of known weight were
eluted and their elution volumes (Ve) calculated: β-amylase at 19.6 mls, alcohol
dehydrogenase at 20.8 mls, carbonic anhydrase at 26.4 mls, and cytochrome-c at 29.6
mls. The standard curve was plotted with molecular weight as function of Ve/Vo and the
trendline was calculated (Figure 3.5).
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Figure 3.5. Analytical column. Molecular weight of Tthlig was calculated using an
analytical column packed with Sephacryl 200™. Blue Dextran 2000 was used to
determine the void volume. The standard curve was built with beta-amylase(200kD),
alcohol dehydrogenase (150kD), carbonic anhydrase (29kD), and cytochrome c (12.4
kD). The results were graphed using Microsoft Excel™ and a polynomial trendline was
calculated with the “calculate trendline” Excel™ feature.

Tthlig was eluted after 59.74 minutes and its elution Ve/Vo was calculated at 1.36 and
used as x in a polynomial trendline. Solving for y, molecular weight of Tthlig was 67.16
kD. This was a difference of 6% between the theoretical weight and the actual weight.
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3.4 Substrate Preparation
In vitro characterization of hyperthermophilic proteins presents several challenges.
Enzymes in vitro may only be active at high temperatures. In the case of DNA ligases
the substrate may not be stable at the high temperature. Nicked pUC18 was selected as
the substrate because it has a high melting temperature, ~1350 C, and a nick in the
phosphodiester backbone does not seem to effect the melting temperature. The nicked
pUC18 can be produced readily with DNase, with yields between 75-85% in reaction. In
addition, the nicked and supercoiled plasmids form two distinct bands in agarose gels
prestained with ethidium bromide, even in small quantities, are readily detected with a
fluorescent scanner (Figure 3.6).

Figure 3.6. 0.6% agarose gel of pUC18. The results of pUC18 nick with DNase yields
a mixture of plasmids. During electrophoresis the supercoiled plasmid migrates furthest
due to its high charge to surface ratio. The linear plasmid is second band, its charge to
surface area between supercoiled and nicked. Nicked migrates the least distance, its
charge to surface ratio is low due to the unfolding of plasmid as a result of nicking.
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A preliminary assay using T4 and nicked plasmid was conducted to confirm the assay
(Figure 3.7). A faint but distinct band of supercoiled pUC18 was detected by fluorescent
scanning.

Figure 3.7. T4 with nicked pUC18. After pUC18 was nicked a preliminary assay was
conducted using T4 ligase(NEB) as the ligation enzyme. The negative control (lane C-)
contained T4 reaction buffer and plasmid but did not have any enzyme, the reaction(lane
T4) contained T4 ligase. A faint band of supercoiled pUC18, due to ligation, is visible in
the reaction.

Once it was established the assay worked with T4 the assay was performed with Tthlig,
using the T4 reaction buffer, at 750C. The band, however, was faint and it was felt this
could be due to enzyme precipitation (Figure 3.8). The T4 buffer used had an ionic
strength of 50 mM Tris and 20 mM KCl for a total ionic strength of 70 mM. During
development of the purification protocol the protein was concentrated and dialyzed
against a 50mM Tris-50mM NaCl buffer.
observed as a precipitate.
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The following morning the protein was

Figure 3.8. Tthlig in T4 buffer. An assay was conducted using Tthlig in place of T4
ligase. The negative control (lane C--) is T4 reaction buffer and plasmid but no enzyme.
The positive control (lane C++) is a sample of supercoiled pUC18 in T4 reaction buffer
without enzyme. The reaction contained T4 reaction buffer and plasmid with Tthlig. A
band of supercoiled pUC18 was not observed in the reaction lane.

The results of the purification protocol and development of the assay indicated that Tthlig
was most active at a higher ionic strength than T4. This is to be expected since the
organisms optimum growth was found to be at 3% NaCl, much higher than an enzyme
from

human cells at 0.9% NaCl.

The Tthlig was found to be active with KCl

concentrations between100 and 140 mM with a quick drop starting at 180mM (Figure
3.9). The effect the change in ionic strength has on enzyme activity has never been
shown. Rather the change in activity could be due to denaturation of the protein at both
low and high concentrations. Enzyme activity was dependent on the proper folding of
the protein due to ionic and hydrophobic interactions between the amino acid residues. If
the ion strength is too high or too low, it can cause ionic bonds to be lost. In addition
both ionic strength as well as the particular ions present can influence the interface
between water and hydrophobic amino acids.
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Figure 3.9. Tthlig in Tris buffer with variable KCl concentrations. An assay was
conducted over a range of KCl concentrations in 50mM Tris. The control contained
reaction buffer at a KCl concentration of 20mM and plasmid but did not include enzyme.
Activity was observed from 20mM to 100mM KCl with optimum activity at 100mM
KCl.

A second consideration was the pH of the reaction at 750 C. Tris has a large ∆pKa, 0.028 per degree change.

A 50 ml sample of the reaction buffer, mixed at room

temperature was heated to 750C and the pH was measured at between 6.8 - 7.0 over
multiple measurements. The theoretical shift should have been from pH 7.8 at room
temperature to pH 6.4 at 750C. This difference in shift was considered significant since
all the assays were to be run at 750C. Na-phosphate was considered a better candidate
with a ∆pKa of -0.0028. Again the buffer was mixed at room temperature over a range of
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pH values and a shift in pH was not observed with Na-phosphate. An initial reaction was
conducted in a 20 mM Na-phosphate buffer, pH 7.0, and a range of KCl concentrations.

Figure 3.10. Tthlig in phosphate buffer. An assay was performed over a range of KCl
concentrations in 20mM Na-Phosphate, pH 7.0. The control (lane C--) had 20mM NaPhosphate and 20 mM KCl but no enzyme. Activity was observed between 100mM and
140mM KCl with optimum activity at 100mM KCl.

The enzymatic reaction was found to be most active at a pH of 7.0 and ionic strength of
160 mM(Figure 3.10). This is comparable to the parameters at which the DNA
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polymerase was active, a pH of 7.0 and an ionic strength of 90 mM (Damien Marsic
2008).
3.5 Data Analysis
DNA is detected in agarose gels by staining with ethidium bromide. The ethidium
bromide intercalates between the nucleotide bases and can be detected by or fluorescent
detection.

This method provides an assay that uses a small quantity of DNA and easy

disposal compared to methods that use isotopes to label the DNA.
After the assay has been run the substrate and product are separated by agarose gel
electrophoresis with pre-stained ethidium bromide. The gel is placed on the scanner that
divides the gel into lanes. Each lane is then divided into pixels and the fluorescence is
detected at 532 nm and the data is saved to a spreadsheet (Figure 3.11.A). The
fluorescence can then be quantified using Image J. First the area for each lane is
designated (Figure 3.11.B). Next the quantity of each lane is calculated by summing the
pixel values of each lane. The nicked, linear, and supercoiled lanes are represented by
peaks above the background level (Figure 3.11.C). The values are calculated by the
method area under the square. The value for the supercoil is divided by the total area and
then multiplied by 1000.
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Figure 3.11. Data analysis. All assays were analyzed by fluorescence using a Typhoon
9410 Variable Mode Imager. The scanner divides the surface area into lanes (A) which
are further divided into pixels. The scanner measures and records the intensity of
fluorescence in each pixel. The data is qualified using Image J v.1.48, the user designates
the dimensions of each lane (B) and then plots the values for the sum intensity of
fluorescence in each lane (C).

3.5 Biochemical Characterization
Protein stability – Buffers serve two purposes in in vitro reactions. They provide a stable
environment to maintain a folded active protein.

Proteins are held in their tertiary

structure by a combination of ionic interactions, hydrophobic interactions, and
temperature (Lehninger 1993). Protein stability is dependent on pH and ionic strength,
hydrophobic interactions, and pH are all temperature dependent.
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The first assay was a comparison of Tthlig activity to compare the effects of TrisHCl versus Na-phosphate buffers at experimental pH of 7.0. (Figure 3.12)

Figure 3.12. Ligase activity as a function of buffer. A comparison of Tris and NaPhosphate buffers was conducted. Controls for each buffer were the same as each
reaction except water was added in place of enzyme. There was considerably more DNA
present in Na-phosphate lanes compared to Tris lanes. The Tthlig was much more active
in Na-phosphate buffer than in Tris buffer. Error bars represent standard deviation
calculated from three replications.

The Tthlig was much more active in the Na-phosphate buffer but consideration must
be given to the effects of the Na-phosphate buffer. Controls for Tris and Na-phosphate
buffers were expected to have the same fluorescence but the Na-phosphate was four
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times higher. Na-phosphate may cause a false close of the nick by some unknown
mechanism and cause the plasmid to assume a supercoiled configuration.

Figure 3.13. Ligase activity as a function of pH. An assay comparing buffer pH from
6.0 to 8.0 was performed. The control (lane C-(7.0)) did not contain enzyme. The Tthlig
was active from pH 6.5 to 7.5 with an optimum activity at 7.0. Error bars represent
standard deviation calculated from three replications.

The second assay conducted was to determine the optimum pH for activity. pH is
another factor to effect protein stability and thus activity (Figure 3.13). Tthlig is active in
a range between 6.5 – 7.5 with a peak activity at 7.0. This conforms to the growth range
of the organism, a range of 5.0 – 8.5 with an optimum at 7.0. The loss of activity at low
pH could be due to either denaturation of the protein due to loss of ionic bonds or
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degradation of the plasmid substrate. At high pH the loss of activity could be due to
denaturation through loss of ionic bonds or loss of charge on key lysines and arginines.

Figure 3.14. Ligase activity as a function of divalent ions. An assay to compare effect
of different divalent ions was conducted. The control (lane C-(-ion)) had Tthlig in
solution but did not include a divalent ion as a co-factor. Optimum activity was in the
presence of Mg2+ with slight activity in the presence of Ca2+.

A divalent ion is necessary any time that ATP is required. It provides an interface that
positions the ATP within the enzyme and also orients the phosphate groups of ATP to
apply a strain on phosphodiester bonds. Magnesium is the most common divalent used in
nature but other divalent ions have been used to lesser extent. In this assay the Mg2+ was
found to be most effective (Figure 3.14). Surprisingly Ca2+ was used to a lesser extent.
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This is unusual in that often calcium has been found to inhibit reactions. Mn 2+ usually
has shown minor activity with other DNA ligases but showed no activity with Tthlig.
Copper and zinc were both assayed but a precipitate formed in the reactions. This could
have been due to the high concentrations, 10 mM in the reactions. In addition divalent
cations are prone to precipitate in the presence of phosphate. No other ligases have
shown activity with these ions so the assays were not repeated at lower concentrations.

Figure 3.15. Ligase activity as a function of temperature. An assay to measure
optimum temperature for activity was conducted. The control was held at room
temperature in the presence of enzyme. The Tthlig was active from 75-850 C with
optimum activity at 750 C.
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Finally, an assay was conducted to determine the range and optimum temperature of
enzyme activity (Figure 3.15). The Tthlig is active at a range from 75-850 C with
optimum activity at 750 C. This falls in line with the range of the organism 55-950C with
an optimum between 83-850C. The difference in in vitro and in vivo may be due to Tthlig
interaction with other proteins, such as PCNA, in the organism.
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CHAPTER IV

Conclusion
4.1 Conclusion
This study characterized the DNA ligase, named Tthlig, from Thermococcus
thioreducens strain OGL-20PT, a hyperthermophile isolated from the Mid-Atlantic
Rainbow Vent field.

BLAST results and phylogenetic tree using the amino acid

sequence, 559 amino acid residues, of the DNA ligase from T. thioreducens, Tthlig,
place it in tight cluster with archaea in the order Thermococcales. T. thioreducens nearest
neighbor in the phylogenetic tree is Thermococcus sp. (strain CGMCC). T. thioreducens
is also in close proximity to T. kodakaraensis, the first hyperthermophile studied.
Sequence alignment and predicted structure show that Tthlig possesses several features
found in other organisms of the order Thermococcales. Tthlig, like all ligases, is
composed of three domains. The N-terminal DBD domain contains the highly conserved
residues QKSFF. These residues have been identified as the interface between ligase and
the PCNA protein in P. furiosus (Shinichi Kiyonari 2006) . In Tthlig middle AdD
domain the conserved residues KxDGAR active in AMP transfer and nick closing are
found, characterized in P. furiosus (Hirokazu Nishida 2006). Finally in the C-terminal
OBD domain the conserved residues RxxK are found. These residues have been
identified in Thermococcus sp. 1519 as the residues that interact with dsDNA
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downstream from the nick and play a role in nick alignment in the active site (T. Petrova
2012).
Recombinant Tthlig from T. thioreducens was expressed in Rosetta™ and
successfully purified in a three step process of sonication, heat treatment, and
chromatography. The protein was isolated to a purity of greater than 95% as determined
by SDS-PAGE. Tthlig was found to be active in assays that used nicked pUC18 as a
substrate with the results analyzed by fluorescent scanning and quantified with ImageJ
software. The Tthlig and pUC18 substrate proved to be stable at a reaction temperature
of 750 C in a pH range of 6.5-8.0. The DNA ligase was most active in 20 mM Naphosphate pH 6.5-7.5 (measured at 750C), 100 mM KCl, 10mM MgCl2 at temperatures
between 75-850 C. It is difficult to compare this ligase to other hyperthermophilic ligases
because this is the first study to rely solely on nicked pUC18 as a substrate with
measurements performed by fluorescence. In other studies the assays were conducted at
lower temperatures to avoid changes in pH associated with temperature associated shifts
in pKa or because the substrate was unstable at higher temperatures. However, the
characteristics of Tthlig can be reported with a high degree of confidence when compared
to the conditions under which the source organism thrives. T. thioreducens optimum
conditions for growth are pH between 5.0-8.5 with optimum at 7.0, NaCl concentration
between 1-5% with optimum at 3%, and a temperature range of 55-950C with an
optimum of 83-850C (Elena Pikuta 2007).

Tthlig stability and activity at high

temperatures give it an advantage in nucleic acid probe detection systems for genetic
disorders (Martin Wiedman 1994). One promising detection method is the ligation chain
reaction. In this method two probes are designed that may lie adjacent to each other or
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one base apart against a target strand. The probes are designed to identify the base at a
specific site. The probes are designed so that one 3’ end of one probe lies one base
upstream from the target nucleotide of the target strand. If the 5’ end of the second probe
matches with the base of the target strand then two strands are ligated and the product can
be distinguished by electrophoresis and fluorescence. If the 5’ end does not match the
target strand nucleotide the two strands are not ligated. The researcher must be specific
in the probe sequence and in many cases the probe may form hairpins at low
temperatures. This method requires a DNA ligase that is both stable and active at
temperatures high enough to “melt” hairpins that may form at low temperatures. Some
have also proposed hyperthermophilic organisms may be used as model organisms to
study Okazaki processing.
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